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Abstract. The ubiquitous computing era has pushed the Architecture, Engineer-
ing, and Construction (AEC) industry towards new frontiers of digitally enabled 
practice. Are these the frontiers originally identified by the pioneers in the 
field? Architectural design has progressively shifted from two-dimensional  
paper based pencil sketched models to digital models drawn in various Com-
puter-Aided Design (CAD) tools. The recent adoption of parametric modeling 
tools from the aerospace industry has been driven by the need for tools that can 
assist in rapid flexible modeling. The adaptation of parametric modeling has re-
formed both pedagogy and practice of architectural design. The question  
remains if parametric design has answered all the requirements specified by 
Steven Anson Coons in his 1963 proposal for a Computer-Aided Design (CAD) 
system. Given the growth of computational power and ubiquitous computing, 
how has CAD met the visions of its pioneers with respect to the flexibility and 
ease of communication with the computer and support of simultaneous design 
conversations with many designers working on the same project? This paper 
will revisit ideas conceived by the early inventors of CAD, explore the opportu-
nities for advancing parametric modeling with the existing ubiquitous comput-
ing infrastructure, and introduces the notion of software openness to support 
creativity and multidisciplinary design integration.  

Keywords: CAD, CAE, Parametric modeling, Parametric design, Software 
Openness. 

1   Introduction 

The rise of Computer-Aided Design (CAD) and Computer-Aided Manufacturing 
(CAM) has led to widespread adoption of digital modeling in the field of manufactur-
ing and construction. There is an increasing demand for flexible modeling tools that 
allow rapid adaptations to design variations to be produced in real time. CAD is  
a term originally introduced by Steven Coons [1] and Ivan Sutherland [2] as an  
integrated design approach which leverages both the creativity and imagination of 
man and the analytical and computational power of the computer. CAD eventually 
evolved to tools that truly assist designers. Parametric design software, which was 
hitherto used mainly in the aerospace and automotive industry, had been adapted to 
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the Architecture, Engineering and Construction (AEC) industry [3], [4]. We, a com-
puter scientist (the first author) and a practicing architect in academia (the second 
author), are involved in various integrated multidisciplinary architecture-engineering 
projects which require explorations of existing design tools and techniques.  

This paper aims to investigate the current state-of-the-art of digital modeling and 
reevaluate parametric design software retrospectively in the light of the aims of early 
CAD inventors. The review also seeks to discover the requirements for a truly flexible 
and open parametric design tool that can leverage creative design thinking and mul-
tidisciplinary design integration.  

The paper is organized as follows. Section 2 presents the summary of the require-
ments for CAD as proposed by the originators. Section 3 reviews the existing para-
metric CAD software in the light of the requirements stated in the previous section 
and outlines the research gap that needs to be investigated. Section 4 presents our 
proposed notion of software openness given the need to leverage creative design 
thinking and multidisciplinary design integration. Section 5 concludes the paper. 

2   Reflections on Requirements for CAD 

According to Steve Coons, a CAD system needs to support the design process by 
assisting creative thinking, increasing productivity, and improving intercommunica-
tion and collaboration through a well-defined human-computer interaction, or “design 
conversation” [1]. There are four key requirements of CAD system as stated in the 
paper.  

Firstly, it must have the ability to accept, infer, and store shape description intro-
duced graphically using graphical means as well as structural abstractions (with sym-
bolic languages that is capable of representing interconnected ideas within the design) 
[1].  

Secondly, coupled with the visualization, it must also be an analysis tool that is 
able to perform all the computations required for the design process. This includes 
structural analyses, mechanical services, electrical analyses, and other analytical proc-
esses that are required to validate and optimize the design [1]. 

Thirdly, it should be a platform that promotes ease of collaboration by enabling the 
same model to be accessed and modified by multiple designers in different locations 
simultaneously (Coons, 1963). The notion of the internet and online collaboration was 
not even close to reality in 1963. ARPANET (Advanced Research Projects Agency 
Network), the forerunner of the Internet, was only introduced in 1968 [5]. The idea 
described in the paper [1] depicts a situation that was only realizable in the early 90s 
when the Internet had reached one-million users worldwide [5].  

Finally, a CAD system must be highly generic to accommodate the creative activi-
ties that reside in a trans-disciplinary design domain. The general problems of archi-
tects and engineers need a system that is flexible and adaptable to multiple specific 
domains [1]. 

Apart from Steve Coon’s manifesto, Kasik et al. has reviewed the progress of CAD 
departing from Ivan Sutherland’s Sketchpad application and presented ten challenges 
of CAD and classified them into three different categories: “computational geometry, 
interactive techniques, and scale” [6]. A number of those challenges have been  
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answered in recent developments of parametric modeling tools. There are profusion 
of CAD software that perform solid modeling but are not parametric. The scope of 
this review only covers CAD packages that perform flexible 3D parametric modeling 
and are referred as parametric modeling tools from this point forward. 

3   Parametric Modeling, Are We There Yet? 

Parametric modeling was first introduced as a means for design reuse [7]. Parametric 
modeling uses parameterized relationships between components in the design to de-
fine forms [8]. A parametric model comprises variable attributes, which are called 
parameters and fixed attributes, which are called constraints [4]. A parametric model 
responds to changes of parameter value or definition without erasure of parts of the 
model or starting the design model from scratch. Designers alter the value of the pa-
rameters to explore design variations that can be generated from the same model [4]. 

Parametric design tools, such as GenerativeComponents by Bentley Systems, Digi-
tal Project by Gehry Technologies (an adaptation from the powerful and expensive 
CATIA software used by the aerospace industry for the AEC industry), ArchiCAD by 
Graphisoft, and the Revit family of products by Autodesk, have been taken up more 
widely by the AEC design and design education communities worldwide only during 
this decade. In the previous decade, its use was known but through more isolated and 
research-led projects in practice and academia. AutoCAD was the main software 
utilized in industry but it was not parametric. The rise of the usage of parametric 
modeling tools is due to its power to manipulate geometry and generate variations by 
simply changing its parameters. Geometry manipulation is not limited to simple ex-
trusion or Boolean operations. Parametric modeling tools .support the construction of 
a single model that has many varying geometrical instances. Initially, parameterized 
mathematical associations between objects in the model need to be defined. For some 
parameters, it may be possible to determine a range, or the maximum and minimum 
values based on design criteria. Then by iterative refinement of both the mathematical 
associations and the values of the parameters in the model, various design options are 
explored. These design options can be compared and analyzed further and criteria 
determined for selection of the better and best solutions. 

The Sagrada Família church in Barcelona (Fig. 1 – Left), which was started in 
1883 and left unfinished by the architect Antoni Gaudí who died in 1926, is an exam-
ple of a building and a design system in which there is a clearly defined parametric 
geometry that provides the key to the design process. With the help of parametric 
‘recipe’ left by Gaudi in his plaster models and drawings, the ongoing design and 
construction of the Sagrada Família relies on Gaudí’s technique of prescribing varia-
tions of complex geometries based on simple forms exploiting the variation of geo-
metric parameters of those forms. One example of the subsequent influential work to 
interpret and model Gaudí’s intentions digitally and parametrically is the columnets 
model, in which variation of the surface parameters, rotation and Boolean operations 
are applied on trimmed hyperbolic paraboloids to generate the forms [9]. Two exam-
ples of the more recent projects using parametric design tools for design exploration 
are the Dubai Towers (Fig. 1 – Right), designed by TVS using Generative Compo-
nents by Bentley Systems, and the “Bird’s Nest” Beijing National Stadium (Fig. 2), 
designed by Herzon and de Meuron using Digital Project by Gehry Technologies. 
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Fig. 1. Left: The clerestory window in Sagrada Familia, Image courtesy of: Mark Burry. Right: 
Dubai Towers. The Lagoons Image courtesy of: Thompson, Ventulett, Stainback & Associates 
(www.tvsa.com). 

  

Fig. 2. Left: An early digital model of the Bird’s Nest Beijing National Stadium as modeled 
inside Digital Project. Right: the final model. Image courtesy of: Gehry Technologies LLP 
(www.gehrytechnologies.com). 

We perceive two different groupings of parametric design tools given the varying 
approach to parametric design. The first group of parametric design tools is based on 
associative-geometry, where parameterized mathematical descriptions and associa-
tions between points, curves, surfaces, and solids are possible. The tools belonging to 
this group include Bentley GenerativeComponents and Rhino Grasshopper. The sec-
ond group of parametric design tools are focused on BIM, where parametric relation-
ships encapsulate parametric descriptions of components of a building design across 
multiple disciplines [10]. BIM stands for Building Information Modeling, which is 
regarded as “a data-rich, object-oriented, intelligent and parametric digital represen-
tation of the facility” by the American General Contractors (as quoted in [11]). The 
Autodesk Revit 2010 package (Revit Architecture 2010, Revit MEP 2010, Revit 
Structure 2010) belongs to this group as well as Gehry Technologies’ Digital Project. 
Revit 2010, however, is unable to handle NURBS geometry modeling [12] and  
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therefore Revit is not generally used for modeling complex curved geometries. Digital 
Project is known to be a very powerful parametric CAD package that handles both 
complex parametric geometric associations as well as parametric design representa-
tions referring to diverse libraries across multiple disciplines. Nevertheless, it is also 
known to be the most expensive CAD package that is currently around and customiz-
ing model via the script interface is not trivial. The first group of tools can also be 
used for parametric representations that link different disciplines, however, BIM high-
level object definitions are not included in the tools by default. 

In a reflective mode, we review the existing parametric modeling tools and revisit 
the CAD requirements by the CAD visionary and retrospectively raise the question – 
are we there yet? The following evaluation is raised in the light of the use of the cur-
rent parametric modeling tools and processes. 

3.1   Are They Capable of Accepting, Inferring, and Storing Geometries Using 
Graphical and Symbolical Means? 

This section evaluates the existing parametric modeling tools’ capabilities to process 
and manage the geometries in the design using graphical and symbolical means. The 
abstractions of the design in parametric modeling tools are often represented in a 
symbolic diagram. These features are now intrinsic to all the existing parametric de-
sign tools. GenerativeComponents (GC) encompasses a 3D interactive view, a sym-
bolic view, and an object view [13]. One distinguishing feature of GC is the way it 
displays both the textual and symbolic representation of the parametric associations 
between components in the model. This feature is also available in Grasshopper, the 
new extension of Rhino. The symbolical representation of a parametric model is 
analogous to an object diagram of a software application. In fact, the notion of com-
ponents, parameters, constraints, and associations in a parametric model resemble 
those of the object-oriented programming paradigm.  The graphical and symbolical 
representations undoubtedly assist designers to rethink their design in the light of the 
components and their associations in the model as well as the parametric variations 
they would like to generate from the model. Both the graphical and symbolical repre-
sentations visualize design intent that is captured within the tool, particularly during 
the early design stage when design options need to be generated rapidly.  

Revit 2010 uses the more rigid tree structure to represent the higher level of ab-
straction of the model. Geometrical associations between components in the model 
are not visualized in the tree structure. Since each component in a Revit model is an 
instance of a Revit family type (e.g. an instance of a 36’ flush panel type of the door 
family), the tree structure provides the abstraction and the detailed view of the  
instances of each type and family that are created in the model. Symbolic representa-
tions are used to view the 3D model as engineering plans. However, there is no exist-
ing symbolical abstraction to represent the parametric associations of all the parts in a 
Revit model. Considering that Revit is aimed to be a BIM software, the tree structure 
is useful for viewing abstract representations of parts of the model to give a non disci-
pline specific overview.  

CATIA/Digital Project (DP) primarily uses a hierarchy of linked files. No single 
file need be very large. It also uses simple graphical files that just show the geometry 
for representing large extents of the model where it might otherwise take hours or 
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days to open the Part and Product files. There is a tree structure in CATIA/DP that is 
an organizational and navigational tool and another that directly maps the model’s 
parametric relationships. 

3.2   Are They Capable of Performing Analysis in Different Performance Areas? 

To date, CAD tools (i.e. parametric design tools) and analysis tools have been distinct 
and autonomous. Cross-disciplinary analysis is a challenge since current CAD sys-
tems are not integrated well with CAE (Computer Aided Engineering) analysis tools 
[Kasik05]. Some tools, such as Revit Architecture 2010 has released a plug-
in/extension for solar incidence and energy analysis to be performed within the soft-
ware. Another example is Google Sketchup, which has an extended capability for a 
simple energy analysis when the IES Virtual Environment plug-in is installed with it. 
However, there is no existing tool on the market that currently carries the capability to 
perform all-in-one design and analysis, where the analysis can respond to the design 
variations made in the same model. Some recent work has come close to realizing this 
silver bullet [14].  

In order for a parametrically-modeled design proposal to be assessed for structural 
loads, energy efficiency, solar incidence analysis, lighting analysis, and other types of 
analyses, it must undergo “expert translation” since geometrical representation in vari-
ous domains are interpreted differently [15]. Translation errors often arise from two 
key sources, which are floating-point arithmetic and tolerances [6]. Approximations 
used in numerical calculations reducing floating-point that substitute higher perform-
ance for high precision cause errors in models passed to disciplines that require high 
precision analysis [6]. Tolerances are used to control the level of approximation and 
need to be managed to produce geometry that can meet different discipline analysis 
requirements. If the tolerances are set high, analysis can be performed more quickly 
but with greater likelihood of error in the resulting geometry [6]. If the tolerance is too 
small, analysis may fail to converge at all [6]. Therefore, selecting a tolerance to be 
used requires good comprehension of the engineering analyses to be used, the envi-
ronment of the analyses, and the specific software to be employed [6]. 

3.3   Are the Models Generic and Adaptable to Various Domains Pertaining to 
the Design Process? 

This section deals with Coons’ requirement for a CAD system that can support cross-
disciplinary model interoperability. According to a survey by McGraw-Hill construc-
tion study [16], 3% of a project cost corresponds to software non-interoperability. In 
the U.S. construction market worth $1.3 trillion in 2007, this corresponds to $36 bil-
lion of productivity waste. In the global market worth $4.6 billion, the figure escalates 
to $138 billion [16]. In order to maintain building information efficiently and the vary 
representations in a broadly reusable way, the building industry has recently at-
tempted to define and encourage the adoption of Building Information Modeling 
(BIM). With too many industry players and major CAD vendors introducing a num-
ber of commercialized BIM tools, however, many have found themselves reinventing 
the wheel in order to bridge tools created by one vendor to another tool by another 
vendor.  
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Industry Foundation Classes (IFC), the accepted industry standard for interopera-
bility and model exchange, are too heavy and complex (IFC consist of 327 data types, 
653 entity definitions, and 317 property sets [17]). This poses challenges to perform-
ance, scalability, and ease of use and adaptation into specific sub-domains. Green 
Building XML (gbXML), which was introduced as a lighter option to IFC, only en-
compassing a subset of IFCs has become a de facto standard for interoperability of 
green building design. However, semantic translations from those standards to BIM 
tools and vice versa (import to/export from BIM tools) still generate translation errors. 
Lee et al argue that parametric modeling needs to be central to BIM and provide 
mechanisms for translation to various domains [7].  

3.4   Do They Promote Collaboration and Communication among the Designers 
or Users? 

Over the top of any provision for collaboration and model sharing and merging within 
existing parametric design software packages, there is a need for additional communi-
cation channels that combine graphical, symbol, and language based information. 
Currently, separate tools are required Product Lifecycle management tools for manu-
facturing aim to fulfill this role by integrating information and communication with 
customers/clients, suppliers, enterprise/planning and systems development informa-
tion and communication.  

However, in practice it is a lightweight tool that allows rapid human interaction as 
well as capturing the history of informal decision making and rapid change in the 
design model that is required in combination with parametric modeling. Autodesk 
Design Review and Octopz are examples of visual annotation environments that sup-
port this level of interaction. Versioning software has been integrated with Digital 
Project parametric software as the means of team model sharing online, allowing 
visual indicators of ownership of different parts of the model, locked in the versioning 
software, at any given time within the modeling environment. The concept is familiar 
to Archicad Teamwork and Bentley Projectwise users. 

There are two fundamental truths that Jerry Laiserin has stated of the current state 
of technology in the industry: that while collaboration across design teams is the most 
critical factor for successful building information modeling, as model data integration 
goes up, flexibility of workflow and performance in collaboration go down [18]. This 
is true even for the most straight forward, explicit geometrical representation of build-
ings and currently leaves models shared between large teams of a fundamentally more 
formative and flexible nature largely in the aspirational realm even 40 years on.  

3.5   Do They Support the Design Process by Communicating Design Intent? 

One of Coons’ manifestos is for CAD to promote design conversations between the 
computer and the designer. In parametric design tools such as Digital Project and 
GenerativeComponents (GC), the history of geometrical associations and parametric 
value variations is recorded. In GC, parametric changes are recorded as transactions 
and users can go back and forth in the transaction list to undo or redo changes in the 
model. Whenever the value of a parameter or the parametric relationship between one 
component to another is changed, the value and relationship changes are recorded in 
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the transaction file. This is one way for CAD tools to carry “design conversations”, 
since designers constantly perform iterative loops in evaluating their design and men-
tal design conversations that are channeled through their modeling activities can be 
recorded. 

However, difficulties in communicating design intent for multidisciplinary model 
sharing still persist. When standards of model interoperability exchange such as IFC 
or gbXML are used for model sharing, parametric representations and associations are 
not captured either by IFC or gbXML during translation, since the dynamic associa-
tions between the components in the model are replaced with static values represent-
ing the components themselves. The design intent that needs to be maintained in a 
parametric model is lost in translation and unrecoverable once the model is imported 
or exported to other tools or analysis programs. 

3.6   Do They Increase Productivity in the Design Process? 

Parametric design tools undoubtedly increase productivity. The efficiency of using 
parametric design approach in modeling depends on the number of the iterations to 
the design and the extent of the variations in the model [19]. In this respect, a large 
part of Coons’ future gazing has come to pass. However, there are many measures of 
productivity. Certainly the speeds of documentation and repetitive reuse of data is 
massively increased through moving from manual drafting to CAD. More creative 
activities, combining analytical and synthetic approaches to building shape, structure 
and articulation have benefited in the ways that were both predicted and prototyped in 
the 1960s. The size and complexity of building projects has also increased hugely 
since the 1960s and we can speculate that the technological means have fed this trend. 
However, the continued use of the term ‘documentation’ hints at the continued lag in 
the transition of human systems to the new means of production, arguably slowed by 
the introduction of personal computing and its disaggregating impact on teams and 
projects [20]. With the growth of computing power and the internet in the last decade 
plus, the integration of information and reduction in costly design document error and 
inconsistency has been a major focus in increasing the contribution of IT to productiv-
ity measured by building cost. 

The usability of parametric design tools has increased with the expansion of com-
putational power. In general, the more complex the software is, the lower the usabil-
ity. However, in architecture and engineering disciplines, the usability of the software 
also depends on its capacity to host a model that contains multidisciplinary design 
representation for multidimensional model editing and real-time visualization. CATIA 
is capable of performing complex curves manipulation and visualization of the whole 
airplane model as well as the dependent parts of the model.  

3.7   Do They Support the Design Process by Assisting Creative Thinking? 

Lars Hesselgren stated “the advantage of using GenerativeComponents is that it helps 
me think about what I am doing. The disadvantage is that it forces me so to think” 
[13]. Parametric modeling tools have forced designers to quantify their design  
to components and associations for generating variations that they would like to ex-
plore further. However, when a parametric design grows and the number of potential 
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parametric variations grows exponentially, the flexible model poses the threat of in-
flexibility given that the proliferation of backward/forward chaining of changes can 
be unmanageable [21]. This is where customization, scripting, or coding comes in to 
pull the weight off from visual design. Designers are now becoming more interested 
in increasing the efficiency of model building through scripting or coding. To design-
ers who code, coding activity is considered as a channel for creativity and means of 
representing design ideas that goes beyond visual or graphical drawing. Current tools 
have indeed assisted creative thinking. However, to innovate, designers need to ex-
tend the exploration of their design ideas using complementary creative methods to 
the use of digital/visual synthetic geometric modeling aids. 

Lawson [22] stated his desire to see CAD becoming an agent for creativity. As an 
agent, CAD would act as a subordinate who learns and understands the design inten-
tion of the master and is able to assist creative thinking by crawling the internet and 
finding design ideas that can match the master’s interest [22]. Lawson’s desire can 
potentially be realized if parametric modeling is integrated with such computational 
techniques as machine learning or data mining. The existing work involving machine 
learning techniques for the design process includes evolutionary design [23], [24] and 
agent based modeling [25]. 

3.8   Are We There Yet? 

Although it has been a long road to general adoption (and we are still clearly on the 
uptake curve), the current parametric design tools have to some degree fulfilled the 
requirements of CAD as prescribed by Coons. Parametric design tools have improved 
productivity through rapid generation of design variations over simple parametric 
changes and helped creative thinking in the process of designing. However, there are 
still gaps and opportunities for advancing the existing parametric design tools. 

Firstly, multidisciplinary design model integration is still very challenging [18]. 
Given the complexity of the process, analysis, and tools required in various sub-
domains, an all-in-one engineering analysis tools in a CAD package as proposed by 
Coons is not feasible in the AEC industry. Cross-CAD and cross-disciplinary model 
sharing is still a challenge due to software interoperability issues and translation er-
rors. There is a need to escalate the degree of software openness in order to carry 
design intent between designers of one discipline to another. Software openness is 
discussed further in the next section. 

Secondly, the need for an online multidimensional design review tool for design 
collaboration as an additional layer on top of the existing parametric design software 
is apparent. In the current cyber digital and ubiquitous computing era, a multidiscipli-
nary team working on the same project might be dispersed in different locations 
across the world. Having to share design variations on the same model requires online 
collaboration tool and parametric design tool to be integrated. 

With the flexibility of parametric modeling, the creative thinking process of the de-
signer can now inform scripts to drive the process of parametric changes. Given the 
notion of openness of parametric modeling, parameters can be scripted and their val-
ues driven from any source, the intent of the designer, the results of performance 
analysis in the cyber world, or information gathered through sensors, for example, in 
the physical space of our world. It opens endless possibilities for supporting both 
creativity and productivity. 
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The initial need for parametric design tools is the requirement to support flexible 
modeling. Flexibility should be an inherent attribute of any parametric design tool. In 
the light of the converging physical and digital spaces, architectural form inside the 
CAD should keep on transforming and producing emergent results which are reflec-
tive on the physical environmental changes as well as the virtual energy simulation 
results. The current state-of-the-art technology in the cyber/digital world, such as 
sensing technology, ubiquitous computing, and cloud computing, can potentially be 
combined with the power of parametric modeling to enhance the flexibility, fluidity, 
and creativity of designing. Therefore, there is an opportunity to leverage the existing 
parametric modeling tools by keeping it open to the user, the environment, and other 
existing tools in the space. In addition, given the complexity of the process, analysis, 
and tools required in various disciplines, there is a need to escalate the degree of soft-
ware openness in order to carry trans-disciplinary design conversations. This is dis-
cussed further in the next section. 

4   Software Openness of Parametric Modeling Tools 

Hansen [26] quoted Sanford Kwinter that “the world where everything flows seam-
lessly together in real time”, added an argument for the requirement of “soft systems” 
which are driven by their softness and openness to the environment and adaptable to 
information exchanged with its surroundings. Concurring with Hansen, we propose 
the notion of software openness, which is a state of unimpeded ability of 3D paramet-
ric software to be openly customized in order to: 

1. exchange information with other software (open interoperability) and with 
the physical environment (physical-virtual information integration); 

2. modify the exchanged information and the information handling process; 
3. mediate, compare, and consolidate the generated design variations for 

analysis, simulation, and fabrication. 

Software openness is required to support design integration across disciplines and 
creative design uptake of the ubiquitous computing opportunities as the physical 
realm and virtual worlds become more closely intertwined. This differs from open 
source software. Software openness does not imply source code access, instead, it 
requires a methodological approach to defining ways for open input, open process, 
and open output to parametric modeling tools. 

The fundamental of information handling in any software comprises input, process, 
and output (IPO). Conventionally, it is a linear progression without any feedback  
loop (Fig. 3). Software openness requires open input, open process, and open output 
(Fig 4). The input, process, and output parameters of parametric modeling tools need 
to be opened for multi-devices, multi-tasking, multi-disciplinary and multidimen-
sional interaction effectively to harness creativity, productivity, and collaboration. 
The information handling in such software should no longer be a linear progression, 
but a closed loop of IPO that allows real time and open interaction or feedback. 

The degree of software openness can be used to assess the suitability of a design 
tool in the process of choosing the right sets of tools for a multidisciplinary design 
project. The higher the degree of a tool being receptive to open input, open process,  
 



 Software Openness: Evaluating Parameters of Parametric Modeling Tools 493 

 

 

Fig. 3. Input Process Output 

 

Fig. 4. Open Input, Open Process, Open Output 

and open output, the more usable the tool is in the context of a multidisciplinary de-
sign project. Since a parametric design tool do not generally include the full range of 
engineering analysis tools, such as building thermal performance analysis and struc-
tural analysis tools, the higher the degree of the software openness, the higher is the 
possibility of the software being used in design model integration across disciplines 
and design activities. Since performance analysis and software interoperability are 
still challenges in multidisciplinary design model integration, the ability to customize 
design representation, translation, and input/output from one software to another en-
ables engineers to customize the software for the purpose of the project. The need to 
assess the software openness for interoperability is demonstrated in the PM4D project 
[27] by Centre for Integrated Facility Engineering (CIFE), Stanford University, where 
the input and output from one design, engineering analysis, or visualization software 
to another are compared for the best selection of tools required for the integrated 
project delivery.  

Open Input. Input to a parametric tool can either be models (imported from another 
CAD) or textual files containing analysis requirements (which could be a result im-
ported from external analysis tools). In a multidisciplinary design project, it is neces-
sary to analyze the input capabilities of the tools being used and the existing model 
translation mechanisms between one software to another. The interoperability gap 
between software, where it exists, could then be tackled in two ways. Firstly, the 
‘tool-by-tool’ approach which employs a specific tool or plug-in for export and im-
port of a design model between one tool and another, such as demonstrated by Nicho-
las and Burry [15] in translating a model created in Rhino CAD software to a model 
understandable by Radiance, a lighting analysis software. Secondly, the ‘bridge tool’ 
approach which employs an intermediate tool for model translation among various 
CAD, analysis, and visualization software. This approach was exemplified in the 
development of DesignLink Software Development Kit (SDK) [28], [29], by Arup 
and Spatial Information Architecture Laboratory (SIAL), which relies on the transla-
tion of various models into DesignLink XML, an XML schema designed for model 
information exchange in the early design stage.  

In order to promote design conversations between human designers and the com-
puter, various sensor and haptic devices need to be explored as an input device to pa-
rametric modeling. Handheld devices help designers to converse with the parametric 
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models better. For example, a tangible view cube was developed to interface with 
Autodesk tools in order to represent the 3D digital model in a physical environment 
and promote tangible interaction between the user and the CAD [30]. The ClayTools 
system from Senseable [31] is a free-form robot hand that allows model creation, craft-
ing, and detailing straight to the virtual model with a force feedback applied to the 
user. The ClayTools can become input to 3DMax, Maya, and Rhino, which are not 
parametric modeling software. However, with Grasshopper, Rhino’s parametric plug-
in, there is a potential in connecting Rhino-Grasshopper virtual parametric models with 
ClayTools. Another example of a haptic device that can be used for exploring, design-
ing, and generating inputs for parametric models is the Nintendo Wii remote (or Wii-
mote). A Wiimote plug-in for Autodesk Design Review by Autodesk Labs was devel-
oped for designers to navigate through the 3D model and environment using the Wii-
mote [32]. Another existing work on development of haptic input devices to parametric 
modeling software is the Wiimote features development for Generative Components 
(GC) [33], which allows the Wiimote to interact with the GC to generate forms and 
variations based on real-time data input. The Wiimote can be used to draw in 3D space, 
modify existing 3D models, or used as a controller of the model (Fig. 5).  

 

 

 

Fig. 5. A Wiimote interacts with GenerativeComponents 

Open Process. Software openness can also be used to assess the suitability of the 
software to be openly customized in order to generate a creative output. Creativity can 
be achieved not only through physical or digital modeling, but also through creative 
coding [34]. Parametric design and analysis tools need to accommodate for exten-
sions, customization, and open interoperability, in order that additional plug-ins, class 
libraries, software components, and scripts can be developed to support creativity and 
productivity. Interoperability checking and automation through code can be devel-
oped when the communication channel between software is open. In Digital Project, 
customization through codes is available from their internal scripting window, which 
uses VBA script or by expert use of the CATIA SDK. Given the nature of VBA as 
procedural language, component and object reuse in the code is a challenge since 
classes cannot be defined inside the VBA script. The open component based software 
architecture adopted by GC and Grasshopper (Rhino) provides a better flexibility  
for customization in comparison to non-parametric modeling tools which largely rely 
on internal scripting techniques. GC and Grasshopper (Rhino) allow installation of 
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custom plug-ins or Dynamic Link Libraries (DLLs) to define new features, objects, or 
parametric relationships or to extend/inherit from the existing type libraries. Autodesk 
offers an Application Programming Interface (API) to access the classes, methods and 
operations provided by Revit programmatically on .NET platform. Commercial and 
non-commercial parametric modeling software could open the process of definition, 
generation, modification, and deletion of design objects and parametric relationships 
among the objects in the model to promote collaboration, interoperability, design 
integration, creativity and interactivity with other software, sensors and haptic  
devices. 

 
Open Output. Coons’ paper opens with reference to the first automatically controlled 
milling machine at MIT in the 1950s [1]. The CAD/CAM axis so far seems to have 
proved if anything more vital in the design process than immersive virtual reality. 
Designing and building in the physical world entails, as it always has, working from 
and capturing a physical context, representing this virtually, whether through meas-
urement, drawing and physical modeling or through digital capture and representa-
tion. Similarly, collective design decision making is still frequently better supported 
through interaction around physical models. While the cost and speed of traditional 
physical modeling is in some cases uncompetitive with virtual equivalents during the 
design process, the opportunity for rapid prototyping allows for the design conversa-
tion to flow back and forth between the virtual and physical embodiment. 

5   Conclusion and Recommendations 

This paper has reviewed the existing CAD software and the current state-of-the-art of 
parametric modeling software. Although parametric modeling has improved produc-
tivity and encouraged creative thinking, the current parametric design tools and proc-
esses have not fully answered the requirements of the CAD visionary nor coped with 
the challenges of the digital age.  

The first challenge is to answer the multidisciplinary design model integration, par-
ticularly between parametric design and building performance analysis tools. Further, 
parametric design software are becoming more prevalent, but are still difficult to 
integrate with analysis tools for informed feedback.  In support of the collective use of 
open parametric design software, there is also a need for multidimensional online 
collaboration and communication capabilities to be integrated within parametric  
design tools.  

To give their creativity full rein, designers need to think outside the box of the digi-
tal screen and digital world in order to hold design conversations that move more 
effortlessly between the cerebral, virtual and physical worlds. Coding and open inter-
action with parametric modeling hold the keys to making the transitions between 
these environments more seamless.  

The proliferation of sensor and physical computing devices in the ubiquitous com-
puting era presents immense potential for designing in the mixed reality, where the 
space of designing is no longer constrained to the physical space. Therefore, software 
openness can also be measured in the way a parametric design tool is able to cooper-
ate with physical and ubiquitous computing. Designers who model in the digital space 
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often require real-time interaction and feedback that can be manifest in the physical 
world. When a parametric design software unlocks the means for software openness, 
sensors and haptic devices can be linked with parametric design software to achieve 
tools that are capable of simulating adaptive and responsive forms of architecture. 

Finally, the degree of software openness can be used to measure the flexibility of 
the software to be openly customized for interoperability, model sharing, and support-
ing creativity.  
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